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Introduction
45
Bentonite is used for many industrial and household applications. Owing to its plasticity, low 46 permeability and swelling capacity compacted bentonite is also used as seal, backfill and buffer for 47 nuclear waste repositories (Nagra 2002; Andra 2005 ; SKB 2011; Posiva 2013a). The main transport 48 process in this clay material is diffusion and therefore the movement of contaminants eventually 49 released from the waste is slow. The migration of many radionuclides and other solutes is affected by 50 the porewater chemistry in the bentonite which regulates their sorption and precipitation behaviour 51 (Ochs et al. 2004; Altmann 2008 ). In addition, the porewater chemistry in bentonite is an important 52 starting point to evaluate the impact of other components in the repository (e.g. cement, steel) on the 53 long term behaviour and performance of the buffer barrier (Posiva 2013a ). The knowledge of the 54 porewater chemistry in this material, however, is still incomplete. This is related to the nanoporous 55 structure and the intimate clay-water association, which makes direct analysis of porewaters difficult 56
and may lead to alteration in porewater chemistry during the sampling and/or analytical procedure 57 (Sacchi et al. 2000) . 58
A common approach to estimate the porewater composition in compacted bentonite has been 59 thermodynamic modelling (Wieland et interlayer sites and pH-dependent protonation/deprotonation occurring at edge sites. Moreover, 67 equilibrium reactions with accessory minerals in the bentonite, such as gypsum, calcite, quartz and 68 kaolinite are included in the model. The modelling approaches in the studies mentioned above were 69 based on similar thermodynamic concepts. 70
An inherent uncertainty in these models is the extrapolation of the thermodynamic model validated at 71 low compaction degree to the compacted bentonite used for example as part of the engineered barrier 72 system for high-level radioactive waste repositories (Wersin 2003; Bradbury & Baeyens 2003) . In 73 particular, the validity of electrostatic surface models (Tournassat et al. 2013) between the clay/water interface and the electrically neutral -"free" solution. Using these concepts the 109 porosity of saturated bentonite is thus represented by three water types IL, DDL and "free" as 110 schematically depicted in Assuming that the edge surface area is small compared to the total surface area, the total specific 133 surface area of montmorillonte (ssm) can be approximated to: 134 Thus, the interlayer porosity is dependent on the bentonite density, the montmorillonite fraction, the 160 layer stacking number and the ionic strength. Application of eq. (5) shows that the amount of interlayer 161 porosity increases strongly with density and becomes a major porosity fraction above a density of 1. From the external surface area and the DDL thickness, the DDL porosity then becomes: 188
The remaining porosity of the "free" solution is: 190 lower numbers of TOT layers, ranging from 1-10 for Na-bentonite, 7-50 layers for Ca-bentonite and for 208 ∼15 layers for a bentonite contacted with a mixed electrolyte solution. Referring again to our simple 209 structural model, lower stacking numbers with high external surface areas at lower ionic strength would 210 imply 1-2 Debye lengths ( Fig. 2) . At ionic strengths below 0.1 mol/L, this would imply a Debye-length 211 below 1, meaning that the DDL would be overlapping. 212 213 From the above considerations, it appears that there are principally two parameters affecting the 219 porosity distribution, which cannot be directly assessed, namely the stacking number n c and the number 220 of Debye lengths f DDL . As discussed in Tournassat & Appelo (2011) , diffusion data (see below) may help 221 to bound the non-measurable parameters. 222
Fig. 2: Distribution of interlayer (IL) and diffuse double layer (DDL) porosity as function of ionic 214 strength for different stacking numbers (n c ) and corresponding external surfaces areas (A ext ).
Estimates of model parameters based on diffusion data 223
There are different diffusion models for compacted bentonite, most of which, however are based upon 224 the anion-exclusion and multi-porosity considerations (e.g. Leroy In these models, the interlayer porosity and external DDL porosity are considered as single Donnan 255 space (also termed microporosity) which is in osmotic equilibrium with "free" water (also termed 256 macroporosity) (Alt-Epping et al. 2014; Tournassat & Steefel 2015 ). This assumption is equivalent to an 257 assumed stacking number of 1. The negatively charged surface is compensated by a surplus of cations in 258 this space according to the Donnan approximation in which the surface potentials and ion 259 concentrations in the DDL are averaged according to: 260 There is a rather fundamental difference how cation exchange is handled in the two model types: The adequacy of DS model approach for describing anion-accessible porosity data has so far -to the 283 best of our knowledge-not been assessed in a systematic way. In summary, the results highlight that multicomponent diffusion models including an electrostatic 302 description of the clay-water interface are required to properly simulate experimental diffusion data. It 303 appears that the two models (AFI and DS) involving two widely different assumptions regarding the 304 treatment of interlayer water adequately describe these experimental data. 305
Setting up a geochemical model 306
As is evident from the discussion in the previous sections, there are considerable uncertainties related 307 to microstructural and electrostatic properties of compacted bentonite in spite of the progress made in 308 the last years. Two cases representing implementations of the two conceptual models described above 309 and which are thought to encompass most of these uncertainties, will be considered: the first is based 310 upon the AFI triple porosity model concept and the second on the DF double porosity concept. The two 311 cases represent bounding cases with regard to the treatment of the montmorillonite surface charge and 312 of cation exchange: in the AFI model the major part of the surface (the internal surface) is screened by 313 sorbing (exchangeable) cations, whereas in the applied DS model the entire surface charge is 314 compensated in the DDL by the cation-enriched solution. 315 M A N U S C R I P T
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Both cases build on the well-established thermodynamic bentonite models surface complexation were also selected from those studies and are listed in Table 1 . 336
DS model: 337
As outlined above, the IL and DDL are considered as a single Donnan space. The distribution of cations 338 and anions in the Donnan space and the "free" water is governed by Donnan equilibrium. It is assumed 339 that the activity ratio between the species concentration in the free and in the DDL is equal to one, as 340 implemented in PHREEQC v.3. A further assumption is that the full negative surface charge is 341 compensated by cations in the Donnan space, hence no screening of the surface charge by complexed 342 cations occurs. 343
Scoping calculations revealed that, owing to the high surface charge, the Donnan space becomes large 344 at lower ionic strength. Application of eq. (7) at high densities points to Debye lengths smaller than one, 345 thus to overlapping of the DDL. The extent of overlap, however, is difficult to constrain with our model 346 approach. The same feature has previously been noted when the DS was applied to high density clay 347 systems (e.g. Tournassat & Steefel 2015) . Because of this difficulty and for better comparison of the two 348 models, we adapt the DDL length such that the proportion of "free" water in the DS model matches that 349 obtained for AFI model. As in the AFI model, the protonation/deprotonation at the external surface is 350 considered. The corresponding parameters are presented in Table 1 . 351 The target density of the buffer is 2.0 kg/dm 3 at full saturation, thus corresponding to a dry density of 363 1.57 kg/dm 3 . The reference buffer material is MX-80 Na-rich bentonite, but alternative bentonites with 364 similar sealing properties are also being considered (Juvankoski et al. 2012 ). According to the disposal 365 concept, after repository closure, saturation and swelling of the bentonite buffer will proceed via slow 366 groundwater inflow from the host rock. Saturation times are expected to be variable and controlled on 367 the one hand by the rate of water inflow and on the other by coupled thermo-hydro-mechanical 368 behaviour in the buffer which is affected by elevated temperatures in the contacting canister (Posiva 369 2013a). Thus, saturation times will vary and have been estimated to be in the range of decades to 370 several hundreds of years (Posiva 2013a The groundwater composition at repository depth is fairly saline, Na-Cl dominated with a ionic strength 378 of ∼0.2 M and total dissolved solids (TDS) of ∼10g/L (Table 2 ). Due to continuing land uplift and climatic 379 changes, the groundwater at repository level is predicted to become more dilute and more influenced 380 by shallower brackish groundwaters with time (Posiva 2013a ). Depending on the conditions, it has been 381 envisioned that very dilute groundwaters could reach repository levels during the next glaciation (Posiva 382 2013a). On the basis of the expected hydrochemical evolution reference groundwaters have been 383 M A N U S C R I P T
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13 defined (Hellä et al. 2014 ). These serve to bound the range of groundwater composition in contact with 384 the bentonite buffer. For that purpose, specific groundwater compositions based on samples from deep 385 boreholes were derived, assuming calcite and quartz equilibrium at 25 °C. Table 2 depicts two reference 386 groundwaters in the "groundwater" columns: a saline type, representing present conditions at 387 repository levels and a dilute type representing a bounding groundwater composition. 388
Defining initial conditions 389
The purpose here is to define the initial geochemical conditions in the bentonite buffer (Curti & Wersin 390 2002). Here we assume that in the beginning of the analysis the buffer is fully saturated and that the 391 thermal pulse arising from the decay of short lived nuclides in the waste has dissipated. We consider 392 diffusive equilibration between bentonite porewater and the surrounding groundwater, but also a case 393 is considered in which groundwater is instantaneously admixed with the bentonite buffer. 394
In a first step, the composition of the initial porewater for all cases was defined, following the procedure 395 proposed in Wersin et al. (2004) . The initial exchanger composition and accessory minerals (calcite, 396 gypsum, quartz and kaolinite) and the external surface were equilibrated with a solution containing 397 NaCl according to its inventory in the bentonite (Table 1 ) under a partial pressure of CO 2 (pCO 2 ) 398 corresponding to atmospheric conditions (10 -3.44 bar). This resulting surface and porewater composition 399 was then equilibrated with the surrounding groundwater as outlined in the following section. 400
The impact of selecting different initial conditions, such as different pCO 2 , different exchanger 401 composition or NaCl concentration, on the results was also tested (section 3.4). 402 
Definition and implementation of scenarios 406
The goal of the modelling exercise was to compare the compositions for the different water types 407 (IL, DDL and "free") obtained from the AFI and DS model. The buffer which had been pre-408 equilibrated according to section 3.3 was diffusively equilibrated separately with saline and a dilute 409 external groundwater. This led to four scenarios to be assessed. In addition, for the AFI model a 410 variant was considered in which the (pre-equilibrated) bentonite buffer was (instantaneously) 411 admixed with saline groundwater (Wersin et al. 2004 , Wersin et al. 2014a ). With regard to cation 412 exchange, it was further assumed that the exchanger composition in the AFI model is controlled by 413 that of the external "free" porewater. In this way, the results can be readily compared with the DS 414 model, although we are aware that equilibration of the exchanger may take a long time (Neretnieks 415 et al. 2009 ). The six scenarios assessed are shown in Table 3 . 416
The accessory minerals were assumed to be present excess in the buffer in all calculations. In the 417 case of gypsum, which is fairly soluble, complete dissolution might be expected with time in view of 418 the undersaturated conditions with respect to this phase in the crystalline groundwater. On the 419 basis of hydraulic data and reactive transport modelling, it has been shown (Wersin et al. 2014b ), 420
however, that the gypsum is expected to persist for long timescales. 421 422 This calculation of the porosity distribution for the AFI model is straightforward based on the 428 assumptions and the structural model detailed in sections 2.3 and 2.1, respectively. The derived 429
proportions for IL, DDL and "free" water are shown in Table 3 . As expected, the proportion of "free" 430 water in the external porespace decreases with decreasing ionic strength, whereas that of the DDL 431 increases. For the DS model, the proportions are derived as outlined in section 2.3. 432
Implementation in PHREEQC: 433
Calculations were based on the thermodynamic equilibrium model outlined in section 2.3. The 434 thermodynamic database THERMOCHIMIE Version 9 (Giffaut et al. 2014) was applied and a 435 temperature of 25 °C was assumed throughout which is somewhat above the reference temperature 436 (∼12 °C) in the surrounding rock. The reasons for selecting 25 °C for the calculations were: (i) the 437 M A N U S C R I P T
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16 minimisation of data uncertainties by using standard state conditions and (ii) the small differences in 438 the results expected from the temperature effect. 439
The groundwater solution was equilibrated with the pre-equilibrated bentonite considering cation 440 exchange and surface complexation reactions, as well as the dissolution / precipitation of accessory 441 minerals according to the premises outlined in Table 1 . For the diffusive equilibration scenarios, the 442 anions concentrations in the "free" porewater were fixed to that in the groundwater by addition of 443 small amounts of NaCl and NaBr. 444
Results 445
The modelled data with the full composition is presented in the Supplementary data (Table SD-1). 446 Table 2 shows selected results for the "free" porewater compositions and compares these with the 447 corresponding groundwater data. A conspicuous feature is the similarity of the AFI and DS model 448 results, which a priori was not expected in view of the very distinct model assumptions with regard 449 to constraints for cations. This holds for the assessment scenarios in which diffusive equilibration 450 between groundwater and porewater is assumed. Changing the initial porewater and exchanger 451 composition (section 3.3.) resulted in only a marginal influence on the final compositions. 452
The differences between the "free" porewater and groundwater compositions are also fairly small 453 for the assessment scenarios assuming diffusive equilibration. The main difference arises from the 454 gypsum equilibrium in the buffer, leading to higher sulphate and calcium levels in the "free" 455
porewater. 456
The assumption of instantaneous mixing of groundwater with the bentonite buffer, leads to a higher 457 ionic strength in the saline case because of anion exclusion in the interlayer and the consequent 458 concentration of solutes in the external pores and different composition in the "free" porewater. For 459 the dilute case, however, this concentration effect is largely outcompeted by the large proportion of 460 DDL relative to "free" pore space (Table 4) . 461
The concentrations of the main constituents in the DDL and the composition of exchangeable 462 cations are shown in Table 4 (in mmol per kg DDL water and per kg interlayer water). Obviously, 463 owing to the assumptions inherent in the two models, there are large differences in the cation 464 concentrations in the different compartments. In the AFI model the internal negative surface charge 465 is entirely compensated by exchangeable cations, whereas in the DS model the charge 466 compensation occurs entirely in the diffuse layer (Donnan) space. The proportions of Na, Ca and Mg 467 in the exchange complex in the AFI model and those in DDL in the DS model are slightly different, 468
where the Ca/Na and Mg/Na ratios are higher in the DS model (Table 4 ; see Discussion section). 469 M A N U S C R I P T The concentrations of anions (Cl, SO 4 ) in the diffuse layer are lower compared to the "free" water 473 because of the effect of the negative surface charge. They are also affected by the ionic strength, 474 thus decreased in the dilute case. For longer time periods, the assumption of diffusive equilibration is 500 considered to be more appropriate (Posiva 2013b) . From a safety assessment viewpoint, the 501 differences between these two model scenarios are not very relevant with regard to the mobility of 502 radionuclides in the buffer. This is indicated by the fairly similar solubilities and sorption values of RN 503 derived for reference porewaters with the diffusive equilibration and the mixing assumption, 504 respectively (Wersin et al. 2014a) . 505
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Basis for multicomponent diffusion modelling: 506
As outlined in section 2.2, multicomponent diffusion through compacted bentonite has been 507 successfully described by the AFI and DS model approaches. Also for this reason, the derivation of 508 porewater compositions presented above is based upon these approaches. The proportions in the 509 "free", DDL and interlayer normalised per volume of total water illustrate the predominance of the 510 cation load in the interlayer (AFI model) and Donnan space (DS model), respectively ( The effect of anion exclusion is mirrored by the chloride concentrations in the different porosities 518 (Fig. 4) . In the saline case, the main chloride load predicted by the AFI model is in the "free" porosity 519 and only a minor fraction occurs in the diffuse layer. The DS model, on the other hand, predicts 520 similar chloride loads in both porosity spaces. In other words, the DS model predicts somewhat 521 higher Cl -concentrations and thus also higher diffusive fluxes in the DS model relative to the AFI 522 model. In the dilute case, both models yield fairly similar results and higher Cl -loads in the diffuse 523 layer compared to the "free" porosity space. 524
The different approaches used for describing the DDL in the AFI and DS models, i.e. the Gouy-525
Chapman based model of Borkovec & Westall (1983) and the Donnan approximation, respectively, 526 yield very similar results in terms of composition in the DDL (not shown). This is because both 527 approaches are based on similar equations, as shown for example in Tournassat & Steefel (2015) . Diffusive equilibration between the external groundwater and the buffer porewater is deemed to be 544 reasonable assumption when long timescales are considered. The time scale for diffusive mixing was 545 estimated from diffusion calculations to be a few hundreds to a few thousands of years (Wersin et 546 al. 2014b ) whereas the period for evaluating repository safety comprises 10 5 to 10 6 years. 547
During transient conditions, the choice of model and the treatment of interlayer water will affect the 548 evolution of porewater chemistry and the time when equilibrium will be reached, as indicated by the 549 different chloride inventories (see above). This will be assessed in a subsequent contribution (Wersin 550 et al., in prep.). 551
On a more general level, the estimation of the different porosity fractions is based upon simplified 552 crystallographic and geometrical considerations neglecting the heterogeneous micro/nano 553 structure. Thus, layer collapse or the presence of gel-type domains (Tournassat & Appelo 2011, 554 
Conclusions
559
A structural model based upon simple crystallographic and electrostatic principles has been set up to 560 derive the different porosity types in compacted bentonite. In view of the uncertainty related to the 561 chemical properties of the interlayer water two differing model concepts (anion-free interlayer, 562 Donnan space) together with a well-established thermodynamic model for bentonite were applied 563 to derive the porewater composition of the bentonite buffer for the Finnish nuclear repository site. 564
The simulations indicate very similar results in the "free" water composition for the two models 565 under the assumption of diffusive equilibration between the porewater and the surrounding 566 groundwater of the host rock. This result supports the validity of the reference porewater concept in 567 safety assessment as basis for deriving radionuclide solubility and sorption parameters. It also 568
indicates that the conceptual model uncertainties related to the microstructure of compacted 569 bentonite have a minor effect on its "free" porewater composition. 570
Due to the different assumptions inherent in the two models larger differences arise in the 571 simulated composition of the water affected by the negative surface charge. This is expected to have 572 consequences in the modelling of the transient porewater chemistry evolution. Further 573 experimental evidence is required to decide which type of multi porosity diffusion model is more 574 appropriate for describing this transient evolution. • Differences between the models are evident in the diffuse double layer composition
